; thus, GFP-actin enables real-time culture paradigm, which is readily amenable to molecuimaging of activity-induced synaptic actin behavior. Inlar manipulation and in which the behavior of individual terestingly, presynaptic actin undergoes a visible morsynapses could be monitored. Evaluating the effect of phological change when neurotransmitter release is inactivity in triggering persistent synapse remodeling is creased by latrunculin A, an actin-depolymerizing drug generally limited by the experimental techniques. Intra- (Morales et al., 2000) . We thus questioned whether physcellular electrode stimulation incurs a physiological periological synaptic activation could also induce a dyturbation to the neuron, and noninvasive extracellular namic change in presynaptic actin. The effect of stimulastimulation, which commonly relies on bipolar field election on presynaptic versus postsynaptic actin was trodes, has limited spatial specificity. Culturing cells on distinguished by using neuron pairs, only one of which multielectrode arrays permits a more spatially specific expressed GFP-actin. To monitor presynaptic actin beyet noninvasive stimulation (Pine, 1980; Gross et al., havior, the cell body of the GFP-labeled neuron was 1993; Maher et al., 1999; Zeck and Fromherz, 2001); stimulated, and images from contact points with the nevertheless, the stimulation site is fixed by the elecunlabeled cell were recorded. Postsynaptic GFP-actin trode position and grid resolution within an array. In was observed by stimulating the unlabeled neuron; we contrast, photostimulation by neurotransmitter uncagidentified the subset of postsynaptic terminals in the ing provides a high degree of experimental flexibility, GFP-actin positive neuron that were contacted by the because a small beam of light can be targeted in any stimulated neuron by searching for GFP-actin puncta region of the sample (Callaway and Katz, 1993 by their ability to take up FM5-95 in response to photopresynaptic actin underwent constant submicron length displacements that were similar in magnitude to the conductive stimulation of the cell body. Among the axonal GFP-actin puncta, 65 Ϯ 19% (Ϯ SEM; n ϭ 245 GFP actin-based motility of dendritic spines (Fischer et al., 1998 ; Figure 2C ). Despite the movements, the overall actin puncta from 32 axon segments, 2.8 mm total axonal length) were functional as judged by FM5-95 labeling morphology of presynaptic actin was maintained. In contrast, application of a single 20 s, 50 Hz stimulus (Figure 2A ). GFP-actin spots that failed to load with FM5-95 were mostly small or newly formed; however, some train ("tetanus"), elicited a distinct change: presynaptic GFP-actin temporarily condensed toward the terminal puncta were labeled by FM5-95 following a 30 min rest period. Synapse formation, therefore, occurs under ends of synapses formed at the end of axons, or toward the axon periphery in en passant synapses (Figures 2D baseline conditions, and actin puncta formation precedes the acquisition of presynaptic activity ( Figure 2B) . and 2E; also see Supplemental Movie 2 at http://www. cell.com/cgi/content/full/107/5/605/DC1). The direction A relatively rapid time course of synapse formation observed in our culture conditions is consistent with a of condensation was confirmed at synapses formed between a presynaptic neuron that expresses YFP-actin recent study of synaptogenesis in cultured hippocampal neurons (Friedman et al., 2000) . and a postsynaptic cell expressing CFP-actin ( Figure  4A ). This change in presynaptic actin is reminiscent of We first monitored intrinsic presynaptic GFP-actin dynamics without stimulation. Under baseline conditions, the shape change in GFP-actin and bassoon that ac- . Single tetanus caused a reliable condensation of most GFP-actin tive to the formation of an actin cluster is similar to stimulus-independent synaptogenesis observed under puncta that were capable of loading FM5-95 (Ն 90%; n ϭ 24 experiments). This change was reversible, and basal conditions ( Figure 2B ). In the terminal end synapses, the first tetanus train triggered actin condensaactin gradually returned to its original appearance after ‫5ف‬ min following stimulation. Physiological synaptic tion as described above. Upon applying subsequent tetanus trains, the fluorescence from the central region stimulation, therefore, induces a substantial morphological short-term plasticity of presynaptic actin. of condensed actin was lost, and the GFP-actin acquired a torus shape ( Figure 3C , frame 2). Actin then split into points within the torus to eventually produce multiple Multiple Spaced Tetani Produce Stable and distinct presynaptic GFP-actin structures (Figure Remodeling of Presynaptic Actin 3C, frame 4). The final morphology was maintained for We next sought whether repetitive neuronal activity at least 4 hr (data not shown). The change in synapse could trigger a stable remodeling of presynaptic actin, number induced by multiple spaced tetanus trains for and if so to establish the mechanical pattern of activitythree representative experiments is shown in Figure 3D . dependent synaptogenesis. We reasoned that a multiple During a 2 hr control period, the extent of gain of actin spaced stimulation of the sort that is used to induce puncta was matched by the extent of loss, and thus, durable changes in functional synaptic connectivity or there was no net change in the steady-state number of dendritic spine morphology ( ) will also trigger a persistent vals promoted the appearance of new presynaptic actin change in synaptic actin dynamics. When tetanus was puncta by ‫-5.4ف‬fold during a 2 hr period from the first repeated four times at 15 min intervals, presynaptic actin tetanus compared to a control 2 hr period in the same underwent a dramatic morphological change that becells ( Figure 3D ). The new actin structures were stably came apparent after the third tetanus train. Some of the maintained for the duration of recording, for 4 hr postestablished en passant synapses appeared to split, and stimulation in our standard experiments (n ϭ 12 Si chips) additional actin puncta formed ( Figure 3A) . The new and up to 16 hr in a few cases (n ϭ 3 Si chips). Multiple actin puncta did not label with FM5-95 immediately (data spaced tetanus stimulation, therefore, reliably elicits renot shown). However, by ‫2ف‬ hr after the last tetanus, a modeling of presynaptic actin without affecting the exsubset (37 Ϯ 3%, Ϯ SEM: n ϭ 5 experiments) of newly formed puncta were labeled by FM5-95, indicating that tent of loss of GFP-actin puncta. To elicit the activity- dependent remodeling of presynaptic GFP-actin, it was dictably timed as judged by Ca 2ϩ imaging (data not shown). The inability to detect changes in GFP-actin necessary to stimulate the cell body of GFP-actin expressing presynaptic neurons and identify the active under conditions in which stimulus is not targeted to a single neuron, therefore, may be due to the difficulty in synapses by tracing the axons that extend from the stimulated cell body ( Figure 1E ). Simultaneous photoassessing neurons that were optimally stimulated. conductive stimulation of the cell bodies of pre-and postsynaptic neurons or uniform field stimulation apNeuronal Activity Induces Morphological Plasticity of Postsynaptic Actin plied across population of neurons by a pair of extracellular field electrodes did not produce dramatic changes
We also examined the stimulus-dependent behavior of postsynaptic actin. Video microscopy of postsynaptic in GFP-actin (data not shown). The presence of inhibitory interneurons and the complexity of the synaptic network GFP-actin during control period revealed a dynamic dendritic structure with movement of spines, protogive rise to recurrent action potentials that are unpre- was prevented by EGTA-AM, and the change in the tional activity after forming new presynaptic structures or if it is also needed for the mechanism of activitynumber of puncta observed in EGTA-AM was not significantly different from control ( Figure 6G; p Ͼ 0.2, t test) . dependent restructuring of the actin cytoskeleton. Application of multiple spaced tetani in the presence of Ca 2ϩ -signaling thus plays a role in presynaptic actin remodeling. The sensitivity to EGTA is consistent with 50 M Rp-8-Br-cAMPS, a membrane permeable cAMP antagonist, resulted in considerably fewer formation of the requirement for NMDA receptors, whose activation initiates Ca 2ϩ -dependent signaling cascades in the postnew presynaptic actin puncta ( Figure 6G) ; the gain or loss of puncta in Rp-Br-cAMPS was not significantly synaptic terminal.
Remodeling of Presynaptic Actin Requires
Bath application of forskolin or cAMP has been redifferent from control (p Ͼ 0.6, t test). In addition to activating silent presynaptic terminals, cAMP signaling ported to promote the appearance of functionally active presynaptic terminals in cultured hippocampal neurons pathway is also required for activity-dependent restructuring of the presynaptic cytoskeleton. This finding is (Ma et al., 1999; Kim and Thayer, 2001). Interestingly, the increase occurred without a corresponding increase consistent with a previous study in which bath application of membrane permeable cAMP analog produced in total synapse number. We thus tested whether cAMP pathway is selectively required for acquisition of funcan increase in the number of presynaptic puncta, which 
